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156 A.M. Asiri et al.the holes by the inorganic anions, thus inhibiting recombination between h+/e after excitation of
the semiconductor. The degradation is more effective in the presence of S2O3
2. In the presence of
0.1 mM KI, the rate constant increased from 0.0231 s1 to 0.0325 s1.Peroxodisulphate increases
degradation, however, this is attributed to the sulfate radicals.
ª 2011 King Saud University. Production and hosting by Elsevier B.V.
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The use of Titanium dioxide as a photocatalyst for the deg-
radation of organic compounds in water has received a great
deal of interest (Gaya and Abdullah, 2008; Akpan and
Hamed, 2009; Han et al., 2009; Asiri et al., 2011). It is chem-
ically stable, nontoxic, highly efﬁcient and relatively inexpen-
sive. However, the application of TiO2 is limited by its UV
activation requirement because of its large band gap (3.2 or
3.0 eV in the anatase or rutile crystalline phase respectively)
(Senthilnathan and Philip, 2010). Therefore, efforts have been
directed toward shifting the optical sensitivity of the catalyst
from UV to the visible-light spectrum for the efﬁcient use of
solar radiation, which is composed of only about 2–3% UV
light. It is possible to increase the TiO2 absorption toward
the visible by doping with non-metallic elements such as
Nitrogen and Sulfur (Asahi et al., 2001). The shifting of
TiO2 absorption into visible light region mainly focuses on
the doping with transition metals (Matsumoto et al., 2001).
However, the thermal instability, tendency to form charge
carrier recombination centers makes them impractical (Asahi
et al., 2001). TiO2 absorption toward the visible light with
non-metallic elements such as the nitrogen (N), sulfur (S),
carbon (C) and phosphorus (P) has been reported in the lit-
erature (Yang et al., 2009). Insertion of N or sulfur atoms
in TiO2 produces localized states within the band gap just
above the valance band. Thus, when N or S doped TiO2 is
exposed to visible light, electrons are promoted from these
localized states to the conduction band (Valentin et al.,
2007). The substitutional (N–Ti–O) doping of N was most
effective compared to other non-metal dopants (S, P, and
C) because its P states contribute to the band-gap narrowing
by mixing with O 2p states (Valentin et al., 2007; Xing et al.,
2009). Even though doping with S shows a similar band-gap
narrowing, it requires larger formation energy for the substi-
tution than that required for the substitution of N. More-
over, the ionic radius of S is larger than O thus difﬁcult to
ﬁt in into the TiO2 crystal (Asahi et al., 2001).
The photocatalytic activity for the degradation of organic
pollutants on N-doped and S-doped TiO2 under visible light
irradiation have been reported and it followed pseudo ﬁrst or-
der reaction (Ananpattarachai et al., 2009; Ohno et al., 2004;
Regifo-Herrera and Pulgarin, 2010).
Photocatalytic processes at TiO2 are based on an electron-
hole pair generation followed by the interfacial electron trans-
fer resulting in the formation of reactive oxygen species such as
hydroxyl radicals (OH), superoxide (O2 ), and hydrogen per-
oxide (H2O2) (Ahmed et al., 2010).
In this paper, we present an investigation to increase the
photocatalytic degradation of TiO2 for environmental remedi-
ation (i) by doping with nitrogen and sulfur and then (ii) with-
out doping but in the presence of inorganic anions and the
possibility of generating oxygen species as a result of inhibiting
the electron-hole recombination.2. Experimental
2.1. Materials
n-TiO2 (Alfa Aeser) with a speciﬁc surface area of
200–220 m2 g1 was used as the starting material to synthesize
photocatalyst. Titanium tetrachloride (TiCl4), thiourea
(CS(NH2)2), urea (CO(NH2)2), peroxodisulphate (Na2S2O8),
Potassium Iodide (KI), and Sodium thiosulphate (Na2S2O3)
were analytical grade reagents purchased from Merck. The
dyes namely Eosin, Rhodamine B and Rhodamine 6G were
of analytical grade and used without puriﬁcation. Unless
otherwise speciﬁed, all reagents used were of analytical grade
and the solutions were prepared using double distilled water.
2.2. Methods
2.2.1. Preparation of nanocrystalline N- and S-doped TiO2
photoctalysts
In a typical run, 2 ml of TiCl4 (1.82 mM) and 0.711 g
(9.35 mM) of CS(NH2)2 or 0.561 g (9.35 mM CO(NH2)2 were
mixed with 100 ml of deionized water in a sealed Pyrex auto-
clave. The autoclave was heated up to 190 C, and kept for
24 h, then left overnight to cool to room temperature. Finally,
the products were separated by centrifugation, and washed
with deionized water and alcohol three times, then dried at
80 C for 4 h.
2.2.2. Characterization of the photocatalyst
(i) XRD XD-3ª Cu Ka X-ray diffractometer
(ii) EDX Joel (6390-LA)
(iii) SEM Joel (6390-LA)
(iv) Raman spectroscopy MultiRam Bruker
(v) FT-IR spectroscopy JASCO FT/IR-4100
(vi) UV–Vis spectroscopy Perkin Elmer, Lambda 25
2.2.3. Evaluation of the photocatalytic efﬁciency
The solar photocatalytic degradation of Rhodamine B,
Rhodamine 6G and eosin were carried out in 250 ml Elmyer
ﬂask at the roof of Taif University. All the degradation reac-
tions were carried out according to the following procedure:
120 mg of photocatalyst (doped or undoped) was added to
150 ml of 37.6 lM aqueous dye solution (Rhodamine 6G,
Rhodamine B and Eosin). Initially the solution mixture was
stirred using magnetic stirrer for 60 min in the dark to ensure
establishment of the dye’s equilibrium adsorption. After
60 min, the sun light was allowed to irradiate the reaction
mixture, and at 20 min intervals, samples were taken from
the suspension and the change of each dye concentration was
measured using UV–Visible spectrophotometer (Perkin Elmer)
at a ﬁxed wave length of 549, 525 and 515 nm for Rhodamin B,
Rhodamine 6G and Eosin B, respectively. For this purpose,
Figure 2 Tetragonal unit cell of TiO2 with P42/mnm space
group.
Enhanced visible light photodegradation of water pollutants 157the photocatalyst was removed by centrifuge. Solar experi-
ments were carried out from 10 a.m. to 1 p.m. The intensity
of solar radiation was (1050 W m2) measured by using solar
meter. It ﬂuctuates during the reaction even under clear sky.
However, we kept the solar experiments of the required
reaction under identical conditions, by carrying out the exper-
iments simultaneously, side by side, thus making it possible to
compare the results of photodegradation.
3. Results and discussion
3.1. Characterization of the doped TiO2
Powder diffraction data (Fig. 1) revealed that the prepared
materials were anatase. Analysis of the corresponding 2h and
the interplanar spacing d (A˚) proved that the N- and S-doped
TiO2 mainly belong to a tetragonal single-phase structure with
p42/mnm space group marked by red circles in Fig. 1. The lat-
tice constants for pure and N-, S-doped TiO2 nanoparticles
were calculated and found to be a= b= 4.5987(3) and
c= 2.9587(2) for pure titanium dioxide, while
a= b= 4.5322 and c = 2.8865 for nitrogen-doped titanium
dioxide and a= b= 4.5665 and c= 2.8632 for sulfur doped
titanium dioxide, respectively. On the basis of ionic radii calcu-
lations, these parameters conﬁrm that the nitrogen
[N-(0.13 A˚)] and sulfur [S-(0.37 A˚)] replaced only the titanium
site and so there is no replacement in the oxygen site since the
ionic radius of Ti (IV) is equal to 0.6 A˚ while that for oxygen is
1.4 A˚.
Visualized studies were made to investigate the possibility
of doping titanium dioxide lattice structure (Figs. 2 and 3).
Comparison between ﬁngerprint peaks of the experimental
and theoretical XRD-proﬁle of titanium dioxide conﬁrm that
there is a good ﬁtting between experimental and theoretical
proﬁle and this ﬁtting is based on single crystal data of
titanium dioxide which indicates that nitrogen or sulfur doping
can substitute the titanium sites in small amounts without
damaging the original tetragonal structure of titanium dioxide.Figure 1 XRD of synthesized S-TiO2 and N-TiO2.Table 1 indicates no violation in bond distances were observed
even with small S- or N-substitutions at the expense of oxygen
ions on the main crystalline structure that reﬂects the stability
of the lattice even with some torsion recorded in some Ti-O-Ti
angles.
The SEM images were investigated to observe the morphol-
ogy of the obtained N-doped and S-doped TiO2 as shown in
Fig. 4, the particles have no regular shapes with sizes of 30-
77 nm. The EDX as well as Raman spectroscopy (Fig. 5)
showed the presence of sulfur and nitrogen on the surface mor-
phology (Table 2).
3.2. Evaluation of photocatalytic activity
To evaluate the photoctalytic activity of S-doped, N-doped
catalysts under natural solar light irradiation, experiments
were carried out to decolorize and mineralize Rhodamine B,
Rhodamine 6G and Eosin B dyes in aqueous suspension at
an initial concentration of 37.6 lM. Figs. 6 and 7 demonstrate
the solar photodegradation observed for Rhodamine B, Rho-
damine 6G and Eosin B in the presence of S-doped, N-doped
and the undoped one in the presence of I-, S2O3, S2O8 or un-
doped alone. In all the cases, plot of ‘ln (C/C0)’ vs. ‘t’ shows
linear straight lines which indicates that the degradation fol-
lows pseudo pseudoﬁrst-order kinetics (Fig. 8). The photodeg-
radation of the three dyes in the presence of doped, undoped as
well as with the addition of inorganic anions are summarized
in Tables 3–6 with their rate constants. The activity of the cat-
alyst was found to be dependent on the doping of nitrogen or
sulfur as well as on the inorganic anions. The results shown in
Tables 3–6 indicates that the photocatalytic degradation fol-
lows the order of Eosin B > Rhodamine B > Rhodamine
6G and this can be attributed to the electrostatic interaction
between the dye and the surface of the catalyst. This can be
conﬁrmed from the FTIR spectrum (Fig. 9) which gives an idea
about the interaction between the photoctalyst and the
functional group of the dye. The FT-IR spectra of Eosin B,
Rhodamine B with and without TiO2 were shown in Fig. 8.
It is clear from the spectrum that there is no anchoring of
the functional COO of the dyes on the surface of the photo-
catalyst which indicates the electrostatic interaction between
the dye and the surface of the catalyst.
Figure 3 Visualised XRD proﬁle of TiO2.
Figure 4 Raman spectrum of N-TiO2 (a) and S-TiO2 (b).
Table 1 Selected lattice coordinates and bond distances inside unit cell of TiO2.
Atom1 Atom2 a/x b/y c/z d1-2 A˚
Ti1 O1 0.19430 0.19430 1/2 1.9448
O1 0.19430 0.19430 1/2 1.9448
O1 0.19430 0.19430 1/2 1.9448
O1 0.19430 0.19430 1/2 1.9448
O1 0.30570 0.30570 0 1.9861
O1 0.30570 0.30570 0 1.9861
O1 Ti1 1/2 1/2 1/2 1.9448
Ti1 1/2 1/2 1/2 1.9448
Ti1 0 0 0 1.9861
158 A.M. Asiri et al.The photocatalytic activity of undoped n-TiO2 under solar
light for Rhodamine B was increased by 12% and 5% when
doped with sulfur and nitrogen, respectively. Doped TiO2 with
sulfur or nitrogen can form a new band above the valence and
narrow the band –gap of the photocatalyst which gives rise to
the absorption in the visible region. However, doping could act
as a recombination center for electron-hole pairs which reduce
the degradation. Among the several approaches (Yang et al.,2009) employed to improve the photocatalytic efﬁciency of
TiO2, increasing the number of trapped e
 in the e/h+ pairs
is one of the best and easiest suitable approach. As a result, to
enhance the photoactivity of the undoped catalyst, KI, K2S2O8
and Na2S2O3 were added which scavenges the hole and thereby
avoids combination. Peroxodisulfate is a powerful oxidizing
agent and expensive with a standard potential of E0 =
2.01 V which can be decomposed to SO4 radical by UV light.
Figure 5 Scanning Electron Micrograph of N-TiO2 (a), S-TiO2 (b) and EDX.
Table 2 Peak positions obtained from Raman and FT-IR
spectra of TiO2, TiO2–N, and TiO2–S.
Raman spectroscopy FT-IR
TiO2 92 cm
1 3252.17 cm1
140 cm1
377 cm1
505 cm1
625 cm1
TiO2–N 110 cm
1 3380.43 cm1, 1639.21 cm1
230 cm1
440 cm1
607 cm1
TiO2–S 82 cm
1 3375.05 cm1, 1638.72 cm1
147 cm1
210 cm1
450 cm1
607 cm1
Enhanced visible light photodegradation of water pollutants 159In homogenous reaction, the peroxodisulphate ion accepts an
electron and dissociates into SO4 and SO
2
4 (Eq. (1)). This rad-
ical goes through the following reactions.
S2O
2
8 þ eaq ! SO4 þ SO24 ð1ÞS2O
2
8 þ eCB ! SO4 þ SO24 ð2Þ
SO4 þH2O! OHþ SO24 ð3Þ
Peroxodisulphate can, therefore, be a good oxidizing agent in
the photocatalytic puriﬁcation of water because SO4 is formed
from the oxidant compound by reacting with the photogener-
ated semiconductor electrons (eCB, Eq. (2)). It can also gener-
ate hydroxyl radicals in the presence of water (Eq. (3)). Sodium
thiosulphate (S2O3
2) and potassium Iodide could also poten-
tially increase the reaction rate in photocatalysis because they
are reducing agents with a standard potential of E0 = 0.45
for thiosulphate and E0 = 0.54 for Iodide, respectively. In
aqueous photocatalysis reactions, thiosulphate as well as io-
dide ions accept a hole from the photogenerated semiconduc-
tor holes (hþVBin Eqs. (4) and (5)).
I þ 2hþVB ! I2 ð4Þ
2S2O
2
3 þ 2hþVB ! S4O26 ð5Þ
We have compared the photodegradation of Rhodamine B
with n-TiO2 in the presence of peroxodisulphate (S2O8
2),
Potassium Iodide (I) and sodium thiosulfate (S2O3
2). Perox-
odisulphate has better catalytic activity (see Table 6) since the
sulfate radical has a wide range of optical absorption, with a
maximum of 450 nm e = 1100 L s mol1 cm1 and reacts with
Figure 7 Absorption spectra of Rodamine B during sunlight irradiation in the presence of bulk TiO2 (a) and nanoTiO2 (b).
Table 3 Photodegradation of Rhodamine 6G in equilibrated
air, in presence of, KI and Na2S2O3 after 40 min. in sun.
Air KI Na2S2O3
18% 36% 61%
Figure 6 Absorption spectra of Eosin (a), Rodamine B (b), and Rodamine G (c) during sunlight irradiation in the presence of (i) N-TiO2
and (ii) S-TiO2 at time intervals.
160 A.M. Asiri et al.many organic compounds and is as efﬁcient an oxidant as the
.OH radical, which can react fast through hydrogen abstrac-
tion (see Eqs. (1)–(3)) (Yeber et al., 2010).
3.3. Reaction mechanism
The above discussions demonstrate that Rhodamine 6G, Rho-
damine B and Eosin B compounds can be photodegradedslowly over pure n-TiO2 under sun light irradiation and their
photodegradation rates are enhanced by adding a proper sac-
riﬁcial hole acceptor. The mechanism for the n-TiO2 photodeg-
radation of the three dyes is proposed in the following
mechanism:
TiO2 þ hv! e þ hþ ð6Þ
e þ hþ ! energy ð7Þ
CBeð0:5 VÞ þ S2O23 ð0:45 VÞ ð8Þ
CBeð0:5 VÞ þ Ið0:54 VÞ ð9Þ
2hþðþ2:7 VÞ þ 2S2O23 ð0:45 VÞ ! S4O26 ð10Þ
2hþðþ2:7 VÞ þ 2Ið0:54 VÞ ! I2 ð11Þ
Table 4 Photodegradation of Rhodamine B in presence of n-TiO2, n-TiO2 + iso-propanol, n-TiO2 + KI, and n-TiO2 + Na2S2O3.
Rhodamine 6G T= 0 min T= 20 min k (10 · 103 s1) T= 40 min T= 60 min
n-TiO2 2.834 2.314 2.84 2.314 2.045
(12%) (18%) (28%)
n-TiO2 + iso-propanol 2.834 2.429 2.67 2.429 2.286
(8%) (19%)
n-TiO2 + KI 2.834 2.462 2.63 1.79 1.435
(13%) (36%) (49%)
S-doped TiO2 + KI 2.581 1.51
a 6.14
(41.5)
n-TiO2 + Na2S2O3 2.834 2.400 2.71 1.078 0.729
(13%) (61%) (74%)
a In 15 min.
Table 5 Comparison of Rhodamine B photodegradation on bulk TiO2 and n-TiO2 and in presence of inorganic anions.
Rhodamin B T= 0 min T= 40 min k (10 · 103 s1) T= 80 min
Bulk TiO2 2.466 0.61 26.08 0.157
(75%) (80%)
Bulk TiO2 + Na2S2O3 2.466 2.091 1.36 1.712
(15%) (31%)
n-TiO2 2.466 1.84 1.59 1.439
(25%) (42%)
n-TiO2 + Na2S2O3 2.466 0.867 7.11 0.496
(65%) (80%)
Table 6 Comparison of Rhodamine B photodegradation on S-, N-doped TiO2 and n-TiO2 in presence of inorganic anions.
Rhodamine B T= 0 min T= 40 min k (10 · 103 s1) T= 80 min
S-doped TiO2 2.581 2.118 1.41 1.222
(18%) (53%)
N-doped TiO2 2.613 2.022 1.51 1.383
(26%) (37%)
n-TiO2 + Na2S2O3 2.466 0.867 7.16 0.496
(65%) (80%)
n-TiO2 + Na2S2O8 3.2668 0.278 105.74
(91)a
a After 20 min.
Figure 8 Pseudo ﬁrst-order kinetics.
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hþ þH2O! OH þHþ ð13Þ
O2ð0:32 VÞ þ neð0:5 VÞ ! O2;H2O2 ð14ÞHO2 þHO2 ! H2O2 þO2 ð15Þ
Reactions (16) and (17) do not occur since when KI is
added to n-TiO2 and exposed to sunlight irradiation, we did
not detect the triodide ion which has a molar absorption of
2.64 · 104 mol1 cm1 at 353 nm.
H2O2 þ 2I ! I2 þ 2OH ð16Þ
I2 þOH ! I3 ð17Þ
In general, the photogenerated hole is scavenged by the added
salts i.e. S2O3
2 or I and thus decreases the h+/e recombina-
tion and consequently the photoinjected electrons in n-TiO2
(CB) are increased and are rapidly delivered to the pre-ad-
sorbed O2 which is producing O2
 and /or H2O2. Eq. (14)
plays a key role in the photodegradation of the dyes. The val-
ues of the ox/red values are taken from CRC Handbook of
chemistry and physics 2010, pp. 1215.
Figure 9 FT-IR spectrum of Eosin (a) and Rodamine B (b) in the absence (i) and presence (ii) of n-TiO2.
162 A.M. Asiri et al.4. Conclusion
This study shows that under illumination of solar light, the
prepared S- and N-doped TiO2 as well as n-TiO2 is very active
as a photocatalyst to effectively photodegrade dyes such as eo-
sin, rodamine B, rodamine 6G in the presence of inorganic an-
ion donors such as S2O8
2, S2O3
2 and I. SEM studies
conﬁrm that the average grain size was found to be between
0.12 and 0.16 lm and the particle size ranged between 30
and 77 nm. The EDX as well as Raman spectroscopy con-
ﬁrmed the presence of sulfur and nitrogen on the surface mor-
phology of the doped TiO2. The photodegradation using the
doped and undoped TiO2 follows ﬁrst order kinetics. The rate
of the photodegradation was increased by many fold in the
presence of inorganic anions due to the prevention of electron
hole recombination by rapidly trapping the valence band holes
by the inorganic anions. Hence, N-, S- doped and undoped
TiO2 nanocatalysts in the presence of inorganic anions offer
the perspective of developing a new generation of efﬁcient
visible light photocatalysts.Acknowledgment
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